Basic helix-loop-helix E proteins play critical roles in B-cell development by stimulating B cell-specific gene expression and immunoglobulin gene rearrangement. The function of E proteins can be effectively suppressed by their naturally occurring inhibitors, Id1 to 4. Ectopic expression of Id1 has been shown to block B-cell development at the early pro-B cell stage. However, whether Id1 plays a physiological role in controlling B lymphopoiesis was not known. Although Id1-deficient mice do not exhibit significant abnormalities in steady-state B lymphopoiesis, we detected more robust B-cell engraftment in transplant recipients of Id1-deficient bone marrow compared to those of wild-type donor cells. In culture, Id1 ablation dramatically enhances B-lineage cell production without any marked effects on myeloid differentiation. Consistently, Id1 expression was found in pro-B but not pre-B cells as measured by enhanced green fluorescent protein (EGFP) fluorescence and by quantitative reverse transcription-PCR. Although loss of Id1 did not alter the number of B-cell colonies generated from whole bone marrow or the proliferation rate of developing B cells, B-cell colonies were detectable at a much earlier time point and the size of the colonies were larger. Therefore, we infer that Id1-deficient progenitors possess higher potential to differentiate to the pre-B cell stage when a proliferative burst occurs. Taken together, we present evidence to suggest that Id1 plays a physiological role in restraining the developmental progression, which may be important for proper B-cell differentiation in the bone marrow.
INTRODUCTION
B lymphopoiesis originates from hematopoietic stem cells in the bone marrow. This process is tightly regulated by the differential expression of transcription factors that restrict the differentiation potentials of progenitor cells and modulate the balance between differentiation and proliferation. A population of bone marrow cells, which does not express any lineage-specific cell surface marker (lin 2 ) but is c-kit hi and Sca-1 1 (known as LSK), is highly enriched for hematopoietic stem cells and multipotent progenitors.
1,2 Expression of Flt-3 in this progenitor pool is thought to be the first step in the priming of multipotent progenitors to the lymphoid lineage. 3, 4 The expression of recombination-activating genes (RAGs), terminal deoxynucleotide transferase and IL-7Ra further restricts lineage potentials and initiates B-cell differentiation in the bone marrow. 5 The developmental stages of differentiating B lineage cells in the bone marrow can be described using a number of nomenclatures based on expression of cell surface markers. 6 Step-wise rearrangement of the immunoglobulin heavy chain (IgH) gene can also be used to trace the progression of early B-cell differentiation. 7 One set of definitions developed by Hardy et al. utilizes antibodies against B220, CD43, AA4, BP-1 and heat stable antigen (HSA) and alphabetically fractionates B-cell precursors. 8, 9 Fraction A cells express B220, CD43 and AA4 but low levels of HSA. D-to-J rearrangement of IgH primarily occurs in fraction B cells which produce intermediate levels of HSA. In fraction C9 cells, which express high levels of HSA and BP1 in addition to B220 and CD43, V-to-DJ recombination takes place, thus completing IgH gene rearrangement and allowing the formation of pre-B cell receptors (pre-BCRs) together with surrogate light chains VpreB and l5. [9] [10] [11] The fraction C9stage represents an important checkpoint in B-cell development and these cells go on to differentiate through fraction D to F stages before exiting the bone marrow. 8 Pre-BCR signals through its coreceptors, Iga and Igb, and activates the Src-family tyrosine kinase Lyn and cytoplasmic tyrosine kinase Syk. [12] [13] [14] A cascade of downstream signaling events, including the phosphorylation of CD19, activation of phosphoinositol-3 kinase and Ras/mitogen-activated protein kinase pathways, then drives the clonal expansion of pro-/pre-B cells and promotes differentiation by initiating the rearrangement of Ig light chain genes. Pre-BCR also cooperates with IL-7 receptor to optimize the proliferation and survival of cells expressing functional pre-BCRs. 15, 16 Therefore, assembly of pre-BCRs is a crucial step for regulating B lymphopoiesis, which can be achieved through the transcriptional control of genes encoding critical players in pre-BCR signaling. This step can also be modulated via the rearrangement of the IgH gene through the availability of the recombination machinery and the accessibility to the IgH locus. 13, 17, 18 A number of transcription factors have been shown to play essential roles in these regulatory processes. In particular, basic helix-loophelix E proteins are found to be indispensable for B-cell development. [19] [20] [21] [22] E proteins, products of E2A, HEB and E2-2 genes, are highly homologous and form homodimers or heterodimers among themselves to bind E-box sequences and activate transcription. Ablation of the E2A gene results in the arrest of B-cell development at the fraction A stage, when B lineage commitment has not occurred. 9, 23 This phenotype of E2A-deficient mice is not unexpected because E2A is known to drive the expression of early B-cell factor and Pax5 transcription factors, which in turn enhance the transcription of the E2A genes. [24] [25] [26] Together, these transcription factors are responsible for proper pre-BCR signaling by stimulating the transcription of genes encoding VpreB, l5, Iga, Igb and CD19. 21, 27, 28 E2A also activates the transcription of the IL-7Ra gene. 24 Moreover, E2A is critically involved in the rearrangement of IgH locus not only by facilitating the transcription of RAGs and terminal deoxynucleotide transferase genes, but also by binding to the intronic enhancer region to increase the accessibility of the locus. [29] [30] [31] Ectopic expression of E2A in non-lymphoid cells is capable of inducing sterile transcripts from the locus and initiating D-J recombination when excessive RAG proteins are coexpressed. 32 The function of E proteins is proportional to the collective levels of all E proteins present in a given cell and inversely correlated with the level of Id proteins (Id1-4), which are their dominant-negative inhibitors. [33] [34] [35] [36] Id proteins contain a helix-loop-helix motif but lack the basic region essential for DNA binding. By forming heterodimers with E proteins, Id proteins abolish the DNA-binding activity of E proteins. Transgenic expression of Id1 results in a similar developmental arrest in mice as that seen in E2A-deficient animals. 37 Retrovirus-mediated expression of Id2 and Id3 in progenitor cells also inhibits B-cell development. 38, 39 In contrast, forced expression of Id1 in multipotent progenitors promotes myeloid differentiation. 40, 41 We and others have demonstrated that the balance between E and Id proteins plays an important role in influencing the lymphoid versus myeloid lineage fate choice. [40] [41] [42] Transcription of the Id genes is dynamically regulated. Each Id gene has a distinct but sometimes overlapping pattern of expression. We have previously generated an Id1/enhanced green fluorescent protein (EGFP) knockin mouse model, Id1 G/G , where EGFP was inserted downstream of the Id1 promoter so that Id1 expression is indicated by green fluorescence while Id1 production is disrupted. 43 Id1 is expressed in long-term stem cells and myeloid progenitors but not in lymphoid progenitors, which is consistent with the role of Id1 in promoting myeloid and suppressing lymphoid differentiation. 43 Whether Id1 plays any role in B lymphopoiesis had been unclear. Interestingly, we have now detected Id1 (EGFP) expression in a fraction of pro-B lineage cells, suggesting a potential role for Id1 in pro-B cell development. Indeed, in vitro differentiation culture studies showed that Id1-deficient progenitors are intrinsically superior at generating B lineage cells compared to their wild-type counterparts. Furthermore, Id1-deficient bone marrow demonstrated more robust engraftment within the first 14 days post-transplantation. Therefore, it appears that Id1 is expressed in pro-B cells to restrain B-cell differentiation, which may be important for proper B-cell development and homeostasis.
MATERIALS AND METHODS
Mice C57BL/6 (CD45.2) and B6.SJL-Ptprc a Pepc b /Boy J (CD45.1) mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA). Generation of Id1/EGFP knock-in (Id1 G/G ) mice and backcross onto the C57BL/6 background were described previously. 43 Mice were maintained in the Laboratory Animal Resource Center of the Oklahoma Medical Research Foundation in a specific pathogen free environment and handled according to protocols pre-approved by the 
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SW Cochrane 44 CO, USA), and fluorescence-activated cell sorting (FACS) analyses were carried out using an LSRII (BD Biosciences, San Jose, CA, USA). All antibodies described above were purchased from BD Pharmingen (San Diego, CA, USA) unless otherwise stated.
Cell culture
For liquid lymphoid cultures, LSK progenitors were sorted into 96-well round-bottom plates in X-VIVO15 media containing 1% detoxified bovine serum albumin 100 ng/ml stem cell factor, 100 ng/ml Flt3 ligand and 1 ng/ml IL-7. Cells were split at a 1 : 3 ratio and refed on days 7, 9 and 11, and harvested on day 14 for FACS analyses. LSK progenitors were plated at a density of 2500 cells/well. For colony assays, 5310 4 or 1310 5 whole bone marrow cells were mixed with methylcellulose media for pre-B cell colony formation (MC3630; Stem Cell Technologies, Vancouver, BC, Canada). Cells were dispensed with an 18-gauge needle into 35-mm plates, and incubated for 7, 12 or 18 days. Colonies were enumerated with an inverted microscope and photographed with a Nikon digital camera.
BrdU staining and analysis
BrdU was added to the day-15 culture initiated with LSK progenitors at a final concentration of 33 mM and incubated for 45 min. Cells were stained with antibodies against CD19 and Mac-1, and subsequently permeabilized and stained with anti-BrdU antibodies using a BrdU-labeling kit according to manufacturer's instruction (BD Biosciences).
Bone marrow transplant
The experimental procedure for bone marrow transplant has been previously described. 44 SJL-PtprcaPepcb/BoyJ (CD45.1) mice were used as recipients for C57BL/6 and Id1 G/G (CD45.2) mice. Donor cells in the bone marrow were identified by staining with FITC anti-CD45.2.
RESULTS
Id1-deficient progenitors support more robust B-cell engraftment Id1-deficient mice exhibit grossly normal profiles in steady-state B-cell differentiation in the bone marrow (data not shown). However, enhanced E-protein function as a result of loss of Id1 might provide an advantage in B-cell differentiation, which can only be revealed when the dynamics of the process is monitored. Therefore, we carried out bone marrow transplant assays to evaluate the ability of wild-type and Id1-deficient bone marrow to repopulate irradiated recipients. We made use of our Id1 G/G mice, whose Id1 gene is disrupted by insertion of the EGFP sequence, thus resulting in Id1 deficiency. We injected 5310 5 whole bone marrow cells from wild-type or Id1
G/G mice into sublethally irradiated hosts and examined B-cell engraftment on days 10 and 14, during the time frame when the first wave of B lymphopoiesis from transplanted progenitors takes place. As shown in Figure 1 , recipients of Id1 G/G bone marrow had 2.5-fold higher levels of donor-derived CD19
1 B lineage cells compared to those of wild-type bone marrow. In contrast, myeloid cell engraftment by Id1 G/G donors was slightly but statistically significantly decreased, suggesting that Id1 deficiency specifically enhanced B-cell production and diminished myeloid differentiation. However, this advantage was quickly masked by the tremendous ability of animals to maintain the homeostasis during hematopoiesis as similar numbers of wildtype and Id1-deficient donor-derived B cells were observed 5 weeks post-transplant. Id1-deficient progenitors exhibit intrinsically robust B-cell differentiation in vitro We have previously found that increased levels of E-protein activity can enhance B-cell production in culture conditions favoring lymphoid development. 40 We thus asked if loss of Id1 could increase the net activity of E protein and boost the kinetics of B-cell differentiation. We evaluated the ability of Id1-deficient multipotent progenitors (lin 2 c-kit 1 Sca-1 1 , LSK) to differentiate in a stromal cell-free culture supplemented with stem cell factors, Flt-3 ligand and IL-7. As shown in Figure 2 , Id1-deficient progenitors produce a significantly greater percentage of CD19 1 B lineage cells compared to wild-type cells (on average 78% versus 40%) in cultures seeded with 2500 LSKs and maintained for 14 days. The average yield of Id1 G/G B lineage cells was about 8-fold higher than wild-type controls (Figure 2b ). In contrast, the production of myeloid cells was not altered by Id1 deficiency even though the percentages of myeloid cells appeared to be decreased due to increases in the number of B lineage cells. These results suggest that increased B lymphopoiesis was not at the expense of myeloid lineage cells.
Since Id1 is expressed in myeloid cells and could play a role in production of cytokines that suppress B lymphopoiesis, we sought to determine if the increased production of B cells was due to an intrinsic effect of Id1 deficiency on B lineage cells or a diminished production of potential B-cell inhibitory cytokines by myeloid cells. In parallel with the experiment described in Figure 2 , we set up cultures containing a mixture of 2500 progenitors from wild-type (CD45.1 1 ) and Id1 G/G (CD45.2 1 ) mice at a 1 : 1 ratio (Figure 3a) . By gating on CD45.1-and CD45.2-positive cells, we were able to separately examine B-cell differentiation of wild-type and Id1-deficient progenitors in the mixed culture. Id1 G/G progenitors produced a much higher percentage of CD19 1 B lineage cells than the wild-type counterparts grown in the same wells (on average 68% versus 31%). This corresponded to a 6.5-fold higher yield of B lineage cells per input (Figure 3b ). In contrast, the numbers of myeloid cells produced by both types of progenitors in the mixed culture were comparable. These results were statistically indifferent from those obtained from cultures separately seeded with wild-type and Id1-deficient progenitors as shown in Figure 2 . Therefore, it appears that the enhanced B-cell production in the in vitro culture system was due to the intrinsic ability of Id1-deficient progenitors to differentiate along the B lineage.
Id1 is expressed in pro-B cells in the bone marrow
If Id1 has an intrinsic effect on B-cell differentiation, it should be expressed at certain stages of B-cell differentiation, which had not been documented. To examine Id1 expression, we made use of Id1/EGFP knock-in mice, Id1 G/G , in which EGFP is expressed under the control of the Id1 promoter. 40, 43 Significant levels of Id1 expression was found in the pro-B (B220 1 CD43 1 ) but not pre-B cell (B220 1 CD43 2 ) compartments in the bone marrow of Id1/EGFP knockin mice (Figure 4a ). Id1 expression was determined by comparing green fluorescent protein (GFP) fluorescence between Id1/EGFP knockin mice and wild-type littermates. Pro-B cells from heterozygous (Id1 1/G ) and homozygous (Id1 G/G ) Id1/EGFP mice included 7 and 34% GFPpositive cells, respectively, compared with f1% in wild-type mice. Because the level of GFP expressed from the Id1 promoter was relative low, the higher percentage of GFP-positive cells found in Id1 G/G mice compared to Id1 1/G mice was likely due to higher intensities of green fluorescence per GFP-expressing cell, which reached levels above the background. Consistent with the levels of green fluorescence, real-time reverse transcription-PCR assays also showed that Id1 suppresses B-cell differentiation in pro-B cells SW Cochrane 45 the level of Id1 mRNA was much higher in pro-B cells than in pre-B cells (Figure 4b ). To pinpoint the developmental stage when Id1 is expressed, the pro-B cell population was further fractionated by using BP1 and HSA cell surface markers in combination with B220 and CD43 as originally described by Hardy et al. 8 The majority of GFP-positive cells in Id1 G/G mice resided in fractions B and C9, which had distinct GFPpositive peaks compared to their wild-type counterparts (Figure 4c ). In contrast, fraction A cells did not express any detectable levels of GFP. A similar pattern of Id1 expression was also observed in Id1 1/G mice, albeit at a lower intensity of GFP fluorescence (data not shown). Therefore, it appears that Id1 expression is specifically upregulated as progenitor cells commit to the B lineage and begin to assemble preBCRs, which supports the notion that Id1 may play a role to regulate B-cell development.
Id1-deficient B-cell progenitors form larger colonies
To determine if increased B lymphopoiesis was due to a higher frequency of B-cell progenitors produced by Id1-deficient mice, we performed colony formation assays using methylcellulose media containing cytokines supporting B-cell growth. Initially, whole bone marrow cells were seeded at 5310 4 and 1310 5 cells per plate in duplicates and incubated for 7 days. At this time point, Id1
G/G bone marrow cells generated twice as many colonies as wild-type cells (Figure 5a) . Moreover, the Id1 G/G colonies were larger in size (Figure 5b ). FACS analysis confirmed that cells in the colonies were predominantly of the B lineage (Figure 5c ). Next, we performed a time course study by following colony growth in triplicate plates for longer periods. Interestingly, the number of colonies generated from wild-type bone marrow gradually increased while the number of Id1 G/G colonies remained unchanged. By day 18, equivalent numbers of colonies were observed in plates with either wild-type or Id1 G/G cells (Figure 5d ). This result suggests that similar frequencies of colony-forming progenitors were present in wild-type and Id1 G/G bone marrow. Id1-deficient B-cell colonies may have grown faster due to a higher rate of proliferation. Alternatively, these results may indicate an accelerated rate of differentiation, which allowed the developing B cells to reach a stage capable of proliferation. Since we did not observe any gross difference in apoptosis of developing B cells in these in vitro cultures (data not shown), an increase in survival capability of Id1-deficient cells is an unlikely explanation.
Id1-deficient B cells do not have an increased rate of proliferation
To measure the rate of proliferation of cultured B cells, we performed BrdU incorporation assays on cells cultured as described in Figure 2 . We chose day 15 of the culture for the assay because a substantial number of CD19 1 cells had been generated by this time point and their proliferative potential can be easily assessed. BrdU was added to the media for 45 min and cells were then harvested and stained with antibodies against BrdU along with those reacting to CD19 and Mac-1 (Figure 6a) . BrdU uptake by CD19 1 or Mac-1 1 cells was separately examined. In this short period, about 40% of B lineage cells from either wild-type or Id1 G/G mice incorporated BrdU, indicating that the cells in these cultures are highly proliferative. Although 10 times as many CD19
1 cells were generated from Id1 G/G LSK progenitors, the percentages of BrdU labeled cells in Id1 G/G CD19 1 or Mac-1 1 cells were not higher than their wild-type counterparts (Figure 6b ). In fact, the average levels of BrdU incorporation by Id1 G/G cells were significantly lower. Thus, this result suggests that the enhanced B lymphopoiesis seen in Id1-deficient progenitors was not due to a higher proliferative rate of B lineage cells. 
DISCUSSION
In this report, we have demonstrated that Id1 is specifically expressed at the pro-B cell stage and B-cell differentiation from Id1-deficient progenitors is elevated under in vitro culture conditions and in bone marrow repopulating assays. These results suggest that Id1 plays a role in suppressing B-cell differentiation and helps to maintain homeostatic control of steady-state hematopoiesis. Although the essential role of E proteins in B-cell development has been well established, the contribution of Id proteins to B lymphopoiesis has been less certain, in part due to the redundant function of different Id proteins in the suppression of E-protein activity. The role of Id1 and Id2 in B-cell development has previously been overlooked because a phenotypic change in the B-cell compartment of Id1-and Id2-deficient bone marrow was not detected. 45, 46 In agreement with these past studies, we have not observed a significant difference in the steadystate levels of B-cell subsets in Id1 G/G mice (Figure 4a ). 43 However, bone marrow transplant assays revealed a transient advantage for Id1-deficient progenitors to repopulate irradiated hosts. A recent study has noted a small but significant increase in pre-B cells in Id2-deficient mice compared to C57BL/6 mice, albeit that the Id2 mice were in a mixed genetic background. 38 More convincing evidence for the suppressive function of Id2 on B lymphopoiesis came from transplant studies with bone marrow cells whose Id2 was knocked down by short hairpin RNA. Collectively, Id1 and Id2 appear to play redundant Id1 suppresses B-cell differentiation in pro-B cells SW Cochrane 47 functions in limiting B-cell differentiation in vivo, thus explaining the subtle phenotypic changes in steady-state B-cell development in either Id1-or Id2-deficient mice. In addition, Id3 is also expressed in CD19 1 B cells (Zhao and Sun, unpubl. data). Whether Id3 also contributes to the suppression of B lymphopoiesis has not been directly tested. Id1 is expressed at the fraction B and C9 stages, which correspond to the pro-B cell stage of the developmental program. This is a critical phase immediately following B-cell commitment, during which a series of events take place involving B cell-specific gene expression and rearrangement of the IgH locus. [12] [13] [14] Much of these activities are geared towards the assembly of a functional pre-BCR, from which a signaling cascade leads to pre-B cell expansion and differentiation. 12 E proteins have been shown to play a major role in this process by upregulating the transcription of genes encoding most of the components of pre-BCRs. [26] [27] [28] E proteins are also instrumental for IgH rearrangement because they increase the accessibility of the IgH locus by binding to the intronic enhancer in addition to stimulating RAG expression. 29, 30, 32 Therefore, it is not surprising that loss of Id1 could result in gain of E-protein function and favors B-cell differentiation. Conversely, overexpression of Id1 blocks B-cell development in transgenic mice. 37 We have shown that Id1 deficiency did not alter the frequency of B-cell colony-forming progenitors but enabled a greater expansion in the size of the colonies. Given that Id1-deficient B cells do not have an increased rate of proliferation based on data from BrdU uptake assays, it favors the possibility that elevated levels of E-protein function accelerate differentiation of pro-B cells to reach the stage at which expansion can occur. 47, 48 Since Id1 expression is not detectable in common lymphoid progenitors or fraction A cells, the gene appears to be specifically upregulated during pro-B cell differentiation and shut off at later stages ( Figure 4) . 43 How is this achieved? The Id1 gene has been shown to be controlled by the Jak/STAT signaling pathway through its 39 enhancer bound by C/EBPb transcription factors. 49, 50 Specifically, STAT5 binds to the enhancer and recruits histone deacetylases which in turn deacetylate C/EBPb and stabilizes its binding to the nearby sites in the enhancer. 49 STAT5 can be activated by signaling through a number of cytokine receptors, such as IL-7 receptors. IL-7 signaling has been shown to cooperate with pre-BCR signaling to play a crucial role at the early stages of B-cell development, not only for the survival of developing B lineage cells but also for their differentiation. 51, 52 These signaling pathways could also upregulate Id1 either by default or by design. In addition to Jak/STAT signaling, Id1 is also known to be activated by early growth response transcription factors through binding sites located near the promoter. 53 Early growth response proteins are downstream effectors of the Ras/mitogen-activated protein kinase pathway, which can be stimulated by IL-7 receptor or pre-BCR signaling.
What is the purpose of Id1 expression during B-cell differentiation? This is a question open to speculation. Perhaps, Id1 expression provides a developmental checkpoint at which B-cell differentiation is retarded to ensure the proper assembly of pre-BCRs. Temporary downregulation of E-protein function may also facilitate allelic exclusion by preventing the opening of the second IgH allele and thus its rearrangement. Alternatively, Id1 expression may potentiate pre-B cell proliferation as Id proteins are known to do in other cell types. 54, 55 In fact, we did observe a small but statistically significant reduction in BrdU uptake by Id1-deficient CD19 1 cells (Figure 6b ). In this experiment, reduced BrdU incorporation was also detected in Mac-1-positive cells, which are known to express Id1. 40 Due to the functional redundancy of different Id proteins and additional mechanisms that downregulate E-protein function, 38, 56 it would be difficult to demonstrate marked functional consequences of accelerated B-cell differentiation in animals lacking only Id1. However, Id1 deficiency could contribute to increased B lymphopoiesis and possibly the development of autoimmunity. On the other hand, aberrant expression of Id proteins has been observed in a wide array of leukemias and lymphomas. Perhaps, combined with other oncogenic factors, Id proteins may contribute to leukemogenesis, for example, the dysregulation of differentiation observed in pre-B ALL and Hodgkin's lymphoma. 57 
